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INTRODUCTION
Ion-exchange materials are well known for their utilization in the
processes of water treatment,1–5 demineralization,6,7 water softening,8–10
ultra purification of water11,12 and removal of unwanted ions,13,14 as
well as in chemical processing.15 One ion-exchange material is acidic
sulfonated polystyrene-divinylbenzene (DVB) cation-exchange resin,
which has an important role in the production of bisphenol-A by
participating in an acid-catalyzed condensation reaction between
phenol and acetone. Bisphenol-A is a very important raw material
for the synthesis of epoxy resins and polycarbonates; thus, 4400 000
tons of bisphenol-A have recently been domestically produced.
However, in the conventional polystyrene-DVB system, despite
various improvements, the rate of conversion of acetone to
bisphenol-A cannot be maintained owing to deterioration because
of a long reaction period.16 This disadvantage could be attributed to
the tiny space created by the crosslinking of the DVB in the
polystyrene-DVB system. Such a tiny space might reduce the number
of sulfonated groups in the resin and induce the accumulation of
by-products. Thus, to increase the conversion of acetone and to
increase the space inside the polystyrene resin, divinylnaphthalene
(DBN) or divinylbiphenyl (DVBP) will be used in this study as the
crosslinking reagent instead of DVB to produce bisphenol-A.
EXPERIMENTAL PROCEDURE
Catalysis preparation
Copolymerization of styrene and crosslinking reagents in the emulsion,
followed by sulfonation with sulfuric acid, was performed to give the desired
crosslinked polystyrene resins (styrene-DVB, styrene-DVBP and styrene-DBN)
according to reported methods.17
Determination of wet and dry ion-exchange capacities
AfterB10 ml of resin (volume V1) was packed in the column, it was run with
600 ml of 2 M HCl at SV
Q2
40 h1 for 1.5 h. Afterward, it was washed with water
at SV 50 h1 until the eluent was neutral. Additional washing with 250 ml of
4% NaCl aqueous solution at SV 17 h1 for 1.5 h produced the eluent, which
was titrated with 1 M NaOH standard solution (factor f1) using a mixture of
methyl red and methylene blue as an indicator. When a certain volume in ml
of 1 M NaOH standard solution (V2) was necessary for the titration, the wet
ion-exchange capacity was obtained as follows:
The wet ion exchange capacity¼ V2  f1
V1
Approximately, 1.5 g of the dried resin (W1 ) swelled when 50 ml of water
was packed in the column. The column was then run with 600 ml of 2 M HCl at
SV 40 h1 for 1.5 h and followed by washing with water at SV 50 h1 until the
eluent was neutral. The eluent was then washed with 250 ml of 4% NaCl
solution at SV 17 h1 for 1.5 h, and a similar procedure to the one mentioned
above was performed with 1 M NaOH standard solution (factor f2) using a
mixture of methyl red and methylene blue as an indicator. When a certain
volume in ml of 1 M NaOH standard solution (V3) was necessary for the
titration, the dry ion-exchange capacity was obtained as follows:
The dry ion exchange capacity¼ V3  f2
W1
Determination of the ratio of introduction of sulfonated groups
The weight ratio of the sulfonated groups (SR) in 1 g of dry resin is obtained as
follows:
SR ¼ 81:08Cd
1000
;
where Cd is the dry ion-exchange capacity and 81.08 is the atomic weight
of SO3H.
Using the SR value, the number of the aromatic rings (PW) in 1 g of dry resin
was calculated by the following equation:
Pw ¼ 1 SRð Þ aX
M
þ 100X
104:16
 
1000;
where a is the number of the aromatic ring, M is the molecular weight of the
crosslinking reagent and X is the degree of the crosslinkage.
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The ratio of added sulfonated groups (NS) was obtained as follows:
NS ¼ Cd
Pw
Conversion of acetone to bisphenol-A
In the presence of the wet-state sulfonated cation-exchange resin (6.0 ml), a
mixture of phenol (18.0 g, 0.19 mol) and acetone (1.6 g, 0.028 mol) with ethyl
mercaptan as the reaction promoter was stirred at 70 1C for 2 h.
The conversion of acetone to bisphenol-A was estimated by the concentra-
tions of acetone before and after the reactions.
Estimation of lifetime of the cation-exchange resin catalyst
After the wet-state sulfonated cation-exchange resin (50 ml) was packed in a
1-cm-diameter stainless reactor, the mixture of phenol, acetone and ethyl
mercaptan, with a weight ratio of 1000:30:2, respectively, was continuously
passed through the reactor by 50 ml h1 at 70 1C to produce bisphenol-A. The
lifetime of the resin was estimated by conversions after 1 day and 150 days.
Measurement of the water retention capacity
After removal of water from the resin by centrifugation, the weight of the
resultant resin was measured. After this resin was dried at 105 1C for 4 h, its
weight was again measured. From these two weights, the water retention
capacity was estimated.
RESULTS AND DISCUSSION
Table 1 shows the relationship between the amount of the crossQ3 linking
reagent and the water retention capacity for the resins (styrene-DVB,
styrene-DVBP and styrene-DBN).
As the amount of the crosslinking reagent increases, the water
retention capacity decreases in the resins, indicating that the water-
bound sites surrounding the sulfonated groups are crowded because
of the increase of the crosslinkage. In comparison with styrene-DVB,
lower water retention observed in the resins (styrene-DVBP and
styrene-DBN) could be explained by the hydrophobic character of the
crosslinking reagent.
Figure 1 shows the wet and dry ion-exchange capacities against the
amount of the crosslinking reagent in the resins.
The wet ion-exchange capacity increases corresponding to increasing
amounts of the crosslinking reagents because a decrease of the water
retention capacity might induce increase in the wet ion-exchange
capacity. On the contrary, the dry ion-exchange capacity exhibits the
opposite trend when compared with increased amount of the cross-
linking reagents. The aromatic rings in the main chain are preferen-
tially sulfonated. Owing to the increase in the amount of the
crosslinking reagents, the sulfonation could be hindered owing to
the dense network. Thus, the dry ion-exchange capacity decreases
with the increase in the amount of the crosslinking reagents because
water does not have an effect.
When the same amount of crosslinking reagent is compared, both
wet and dry ion-exchange capacities for styrene-DVBP and
styrene-DBN are bigger than those for styrene-DVB because of the
longer crosslinking reagent, which provides more space in the resin
for introduction of the sulfonated groups.
Figure 2 shows the relationship between the ratio of introduction of
the sulfonated group in the aromatic ring and the amount of the
crosslinking reagent.
Table 1 The relationship between the crosslinkage and retention
capacity
Crosslinking reagent
Crosslinkage (mol%)
2.4 3.2 4.0
DVB 73.2 66.6 61.0
DVBP 72.0 65.4 60.7
DBN 68.9 63.0 59.2
Abbreviations: DBN, divinylnaphthalene; DVB, divinylbenzene; DVBP, divinylbiphenyl.
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Figure 1 The relationship between wet and dry ion-exchange capacities and
the amount of the crosslinking reagent.
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Figure 2 The relationship between the percentage of introduction of the
sulfonated group and the amount of the crosslinking reagent.
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Fewer sulfonated groups can be introduced in the aromatic rings in
the resin that consists of more crosslinking reagents because of its
expected thick structure. A similar trend can be observed in the case
of the resin having the longer crosslinking reagent.
The relationship of the conversion of acetone and the amount of
the crosslinking reagent is shown in Figure 3.
The conversion of acetone indicates a maximum of B3.2 mol% of
the crosslinking reagent in any resins. This phenomenon can be
explained by a compromise between an increase in the number of
sulfonated groups and the thickness of the structure, which deters
the diffusion of phenol and acetone. Interestingly, the resins of
styrene-DVBP and styrene-DBN accomplish a higher conversion
compared with the resin of styrene-DVB because of an increase in
the number of the sulfonated groups, as well as the space facilitating
diffusion of phenol and acetone. We note that the high conversion in
the resins of styrene-DVBP and styrene-DBN is still maintained even
with an increase in the crosslinking reagent.
With the commercial use of resins, it is very important that their
catalytic ability should be maintained for a long period; thus, the
lifetimes of the cation-exchange resins of styrene-DVBP and
styrene-DBN were compared with that of the cation-exchange resin
of styrene-DVB.
The time course for the conversion of acetone to bisphenol-A in
the resin of styrene-DVBP was examined. As described above, the
highest conversion of acetone was noticed when the crosslinking
reagent was at B3.2 mol%. This trend is similar for both 1-day and
150-days reaction times. The conversions of acetone for both 1-day
and 150-days reaction time for the resins with 3.2 mol% of
crosslinking reagent are summarized in Table 2.
Although the resin of styrene-DVB shows an extensive drop in the
conversion of acetone at a reaction time of 150 days, a large decrease
in the resins of styrene-DVBP and styrene-DBN is not observed. This Q4
finding may result in great advances in the mass production of
bisphenol-A.
CONCLUSIONS
We have determined that high conversions of acetone to bisphenol-A
can be obtained even after 150 days of reaction time for
styrene-DVBP and styrene-DBN resins. This maintenance of a high
conversion for a long reaction time is due to the large space inside the
structure of the resins that can be increased by employing DBN or
DVBP as the crosslinking reagents instead of DVB. We note that the
newly developed resins of styrene-DVBP and styrene-DBN described
herein should provide great improvements to the large-scale
production of bisphenol-A in industry because of the high efficiency
of the conversion rate of acetone that can be maintained for a long
time period.
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Table 2 The time course of conversion of acetone in the resins
Crosslinking reagent
Conversion of acetone (%)
1 day 150 days
DVB 89.5 52.6
DVBP 93.0 88.7
DBN 96.8 94.3
Abbreviations: DBN, divinylnaphthalene; DVB, divinylbenzene; DVBP, divinylbiphenyl.
CrossQ5 linkage is 3.2 mol%.
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Figure 3 The conversion of acetone.
3
Polymer Journal
